The hole concentration in Al-doped p-type 4H-SiC was found to be significantly reduced by electron irradiation when compared to the hole concentration in Al-doped p-type Si; this is an unexpected result. The temperature dependence of the hole concentration p͑T͒ in Al-doped 4H-SiC irradiated with 200 keV electrons at various fluences was measured. Only substitutional C atoms in SiC can be displaced by irradiation with 200 keV electrons. The reduction in p͑T͒ by the electron irradiation was found to be mainly due to a decrease in Al acceptors and not due to an increase in defects ͑e.g., C vacancies͒ located around the middle of the bandgap in SiC. Based on the analysis of p͑T͒, two types of acceptor species were detected and the density and energy level of each acceptor species were determined. An equation describing the fluence dependence of each acceptor density is proposed. The results suggest that for the 200 keV electron irradiation, a substitutional C atom bonded to an Al acceptor was more easily displaced than a substitutional C atom bonded to four Si atoms.
I. INTRODUCTION
SiC is a wide bandgap semiconductor with significant potential for applications in high power and high frequency devices capable of operation at elevated temperatures. For electrons with energies greater than 0.5 MeV, minoritycarrier-lifetime degradation by electron irradiation in SiC was reported to be lower than that in GaAs by more than three orders of magnitude and lower than that in Si by at least one order of magnitude.
1 This indicates the greatly superior resistance of SiC to displacement damage in radiation environments.
Electron irradiation is an excellent tool for the controlled generation of intrinsic defects in Si for use in high power devices. 2 On the other hand, electron irradiation degrades the conversion efficiency of Si solar cells, for example, such as those used in space applications.
3-6 Therefore, electronradiation damage in Si has been intensively investigated in the past. On the other hand, ion-implantation-induced defects in 4H-SiC epitaxial layers have been reported. 7, 8 However, the understanding of electron-radiation damage in SiC is far from complete.
By comparing electron-radiation damage in 4H-SiC with that in Si, 6, 9, 10 it was found that the reduction in the temperature-dependent hole concentration p͑T͒ in Al-doped p-type 4H-SiC by electron irradiation was much larger than in Al-doped p-type Si, as shown in Fig. 1 , even though the electron energy ͑0.5 MeV͒ and fluence ͑0.5ϫ 10 15 cm −2 ͒ used for SiC were less than those used for Si ͑1 MeV and 1 ϫ 10 16 cm −2 ͒. The reduction in p͑T͒ in B-doped or Gadoped p-type Si was found to be similar to that in Al-doped Si. 6 Moreover, p͑T͒ in Al-doped 4H-SiC irradiated with a 1 ϫ 10 16 cm −2 fluence of 0.5 or 1 MeV electrons could not be measured because of the much higher resistivity of the irradiated samples. 10 Since the large reduction in p͑T͒ in Aldoped 4H-SiC by the electron irradiation was an unexpected result, the reduction in p͑T͒ by irradiation with different electron energies was investigated.
9-11
The densities and energy levels of traps have usually been evaluated using deep-level transient spectroscopy ͑DLTS͒. However, a quantitative relationship between p͑T͒ and trap densities cannot be obtained using DLTS. The reason for this is that in the DLTS analysis, the following approximation is assumed: 12, 13 
where C͑t͒ is the capacitance transient after removal of the filling pulse and return to the steady-state reverse bias voltage in the DLTS measurement sequence, C͑ϱ͒ is the steadystate capacitance, N d is the dopant density ͑i.e., donor or acceptor density͒, N t is the trap density, and t is the time constant corresponding to the trap. Based on Eq. ͑2͒, DLTS can determine the density and energy level of the trap only when N t is much lower than N d , indicating that the trap determined by DLTS barely affects p͑T͒. Moreover, transient capacitance methods ͑e.g., DLTS and isothermal capacitance transient spectroscopy͒ cannot be applied to high-resistivity semiconductors such as heavily irradiated semiconductors because the measured capacitance of a diode is determined by the thickness of the diode, not by the depletion region of the junction due to its long dielectric relaxation time. [14] [15] [16] [17] [18] [19] If the densities and energy levels of traps can be determined using experimental p͑T͒ values, the relationship between p͑T͒ and trap densities can be investigated directly. For the analysis of p͑T͒, a graphical peak analysis method ͓free carrier concentration spectroscopy ͑FCCS͔͒ has been proposed and tested, [20] [21] [22] [23] [24] [25] [26] which can determine the densities and energy levels of acceptors and hole traps from experimental p͑T͒ values without any assumptions regarding acceptor species or hole traps.
Since the atomic mass of C is smaller than that of Si, the maximum energy transferred from an electron to one substitutional C atom ͑C s ͒ in SiC by elastic collision is larger than the energy transferred to one substitutional Si atom ͑Si s ͒. This indicates that the minimum electron energy necessary for displacing C s should be lower than that for Si s . According to experimental and theoretical considerations, 1,10,27,28 200 keV electrons can only displace C s in SiC. Therefore, we have investigated the reduction in p͑T͒ in Al-doped p-type 4H-SiC by the irradiation of 200 keV electrons at several fluences.
II. EXPERIMENTAL
A 10-m-thick Al-doped p-type 4H-SiC epilayer on n-type 4H-SiC ͑thickness: 376 m, with a resistivity of 0.02 ⍀ cm͒ was cut to a size of 1 ϫ 1 cm 2 , forming a sample. p͑T͒ and the temperature dependence of the hole mobility h ͑T͒ were obtained by Hall-effect measurements, in the van der Pauw configuration, within the temperature range of 120-650 K in a 1.4 T magnetic field. p͑T͒ and h ͑T͒ were measured before irradiation, and then the sample was irradiated with 200 keV electrons with a fluence of 1 ϫ 10 16 cm −2 . After the Hall-effect measurements were carried out, the sample was again irradiated but now with a fluence of 2 ϫ 10 16 cm −2 . The Hall-effect measurement and irradiation with the 2 ϫ 10 16 cm −2 fluence of 200 keV electrons were repeated. Consequently, p͑T͒ and h ͑T͒ for the samples irradiated with total fluences ͑⌽͒ of 0, 1 ϫ 10 16 , 3 ϫ 10 16 , 5ϫ 10 16 , 7ϫ 10 16 , and 9 ϫ 10 16 cm −2 were measured. Although the Hall-effect measurements were carried out twice for each fluence, p͑T͒ remained unchanged, indicating that any defects affecting p͑T͒ were not annealed for measurement temperature lower than 650 K.
The densities and energy levels of acceptors and hole traps were determined by FCCS from the p͑T͒ values. Using the experimental p͑T͒, the FCCS signal is defined as [20] [21] [22] [23] [24] [25] [26] H͑T,
where k is the Boltzmann constant and E ref is the parameter that can shift the peak temperature of the FCCS signal within the temperature range of the measurement. The FCCS signal has a peak at the temperature corresponding to each acceptor level or hole-trap level. From each peak, the density and energy level of the corresponding acceptor or hole trap can be accurately determined. The application software for FCCS ͑for the Windows operating system͒ can be downloaded for free at our Web site ͑http://www.osakac.ac.jp/labs/ matsuura/͒. Judging from the magnitude of h ͑T͒, band conduction of holes was dominant in these samples within the temperature range of the measurement. The p͑T͒ at low temperatures decreased significantly with increasing ⌽, whereas the p͑T͒ at high temperatures was changed slightly by the irradiation.
III. RESULTS AND DISCUSSION

A. Reduction in p"T… by irradiation with 200 keV electrons
B. Reduction in p"T… by creation of deep defects
200 keV electrons can only displace C s . Therefore, a C vacancy ͑V C ͒ and an interstitial C ͑C i ͒ are created by irradiation. When the rate of displacement of C s by collision with a 200 keV electron is denoted by CD , the density N CD ͑⌽͒ of the carbon-related defect ͑V C or C i ͒ can be expressed as 
Therefore,
In other words, CD is the generation rate of the carbonrelated defect. The densities of defects related to C s displacement ͑i.e., Z 1/2 center with E C − 0.65 eV and EH 6/7 center with E C − 1.55 eV͒ were reported to be nearly proportional to ⌽, 29 which is expected from Eq. ͑5͒, where E C is the conduction band minimum. The HK4 center with E V + 1.44 eV was reported to be a complex including defects induced by the C s displacement, 29 where E V is the valence band maximum. According to studies on intrinsic defects in SiC, 30 the ͑0 / +͒ level of V C is at E V + 1.4 eV and its ͑+ / + +͒ level is at E V + 1.68 eV. Since the defects induced by C s displacement are located around the middle of the bandgap in SiC, they should act as hole traps.
We can consider the influence of N CD ͑⌽͒ on p͑T͒. Using the p͑T͒ for the unirradiated sample in Fig. 2 , the acceptor densities and acceptor levels before irradiation were determined by FCCS. The density ͑N Al ͒ and energy level ͑E Al ͒ of the shallow acceptor were 5.3ϫ 10 15 cm −3 and E V + 0.20 eV, respectively, while the density ͑N DA ͒ and energy level ͑E DA ͒ of the deep acceptor ͑or hole trap͒ were 3.7 ϫ 10 15 cm −3 and E V + 0.37 eV, respectively. Moreover, the compensating density ͑N comp ͒, which is the sum of the densities of donors and hole traps deeper than E DA , was 2 ϫ 10 13 cm −3 . Because the energy level of an Al acceptor in 4H-SiC was reported to be approximately E V + 0.2 eV, from photoluminescence 31 and Hall-effect 32 measurements, the shallow acceptor detected here is assigned to an Al acceptor. Although the energy level of a B acceptor in 4H-SiC was reported to be approximately E V + 0.3 eV, 32 the concentration of B atoms in the 4H-SiC epilayer was less than 4 ϫ 10 14 cm −3 as determined by secondary ion mass spectroscopy. Therefore, the deep acceptor detected here is not a B acceptor.
p͑T͒ was numerically simulated using the following two equations:
where f FD ͑E͒ is the Fermi-Dirac distribution function that is given by
N V ͑T͒ is the effective density of states in the valence band, described as In order to simulate p͑T͒ for the irradiated case, the following is assumed: ͑1͒ The 200 keV electron irradiation does not change the densities and energy levels of the acceptors, and ͑2͒ the irradiation only increases N comp , that is, the sum of the N comp for the unirradiated case and N CD ͑⌽͒, which was increased by the irradiation. As is clear from Fig. 3 , the p͑T͒ simulation over the whole temperature range decreased with increasing N comp . On the other hand, the experimental p͑T͒ at low temperatures decreased significantly with increasing ⌽, whereas the p͑T͒ at high temperatures was slightly changed by the irradiation. For example, the solid diamonds at low temperatures are close to the p͑T͒ simulation ͑dashed-dotted line͒ with N comp of 5 ϫ 10 15 cm −3 , while at high temperatures they are higher than the dashed-dotted line. Judging from the above discussion, the reduction in p͑T͒ by the electron irradiation could not be explained just by the increase in densities of the deep defects.
C. Fluence dependence of acceptor densities and hole-trap densities
The densities and energy levels of acceptors and N comp were determined by FCCS using the experimental p͑T͒ shown in Fig. 2 , as listed in Table I One acceptor level was approximately E V + 0.22 eV, while the other acceptor level was approximately E V + 0.38 eV. The former acceptor species is assigned to an Al acceptor, while the latter acceptor species has not been assigned. At a fluence of 9 ϫ 10 16 cm −2 , only the deep acceptor was detected because N Al was much lower than N DA . Figure 4 depicts the fluence dependence of N Al and N DA . N Al decreased with increasing ⌽, and finally there are no more Al acceptors. On the other hand, N DA initially increased with ⌽ and then decreased.
In order to reduce N Al by the 200 keV electron irradiation, the surroundings of the Al acceptor need to be changed by C s displacement since the Al acceptor is an Al atom ͑Al Si ͒ located at a Si sublattice and bonded to four C s . This indicates that the rate of decrease in N Al by the irradiation is proportional to N Al . Consequently, the differential equation that leads to fluence dependence of Al acceptors N Al ͑⌽͒ is given by
where Al is the removal coefficient ͑or removal cross section͒ of Al acceptors for 200 keV electron irradiation. Therefore, Figure 5 shows N Al ͑⌽͒ in a semilogarithmic scale, and the solid line is a straight line obtained by least-squares fitting. Since the straight line is in good agreement with the solid circles in the semilogarithmic plots, Eq. ͑11͒ is applicable for the fluence dependence of N Al . Al In Fig. 4 , at fluences of Յ3 ϫ 10 16 cm −2 , N DA increased with increasing ⌽, while N Al decreased. Furthermore, the increment in N DA is close to the decrement in N Al . This experimental result may indicate that the 200 keV electron irradiation transforms the Al acceptor into the deep acceptor. On the other hand, N DA is assumed to be decreased by the change in the surroundings of the deep acceptor due to C s displacement. As a result, the differential equation describing the fluence dependence of the deep acceptor density N DA ͑⌽͒ can be expressed as
where DA is the removal coefficient ͑or removal cross section͒ of the deep acceptors for 200 keV electron irradiation. Figure 6 depicts the experimental fluence dependence of N DA and the simulated N DA ͑⌽͒ with DA of 1.0ϫ 10 −17 cm 2 using Eq. ͑12͒, denoted by solid squares and the solid line, respectively. The simulation results in Fig. 6 show qualitative agreement with the experimental data but not quantitative agreement.
In Table I , it can be seen that N comp is increased slightly with increasing ⌽; however, it is less than 10 15 cm −3 . This might be because V C is increased by C s displacement. Consequently, the reduction in p͑T͒ by the 200 keV electron irradiation is mainly due to the decrease in N Al , not to the increase in the density of V C . 
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D. Possible mechanisms of reduction in p"T… by 200 keV electron irradiation
The following findings have been obtained from the study of 200 keV electron irradiation in Al-doped p-type 4H-SiC: ͑1͒ The reduction in p͑T͒ is greater than expected from the increase in V C , ͑2͒ the reduction in p͑T͒ is mainly due to the decrease in N Al , and ͑3͒ Al acceptors can be transformed into the deep acceptors with E V + 0.38 eV. On the other hand, the deep acceptor is most likely related to Al because the empirical relationship between N Al and N DA in unirradiated Al-doped p-type 4H-SiC epilayers was reported to be 10, 22 N DA = 0.6N Al . ͑13͒
Therefore, Eq. ͑11͒ indicates that one of the four C s bonded to one Al Si is displaced by the irradiation, and the Al Si then cannot act as an acceptor with E V + 0.2 eV ͑i.e., Al acceptor͒. Moreover, Eq. ͑12͒ suggests that N DA is increased when there are abundant Al acceptors because the irradiation transforms the Al acceptor into the deep acceptor, while N DA is decreased when there is a shortage of Al acceptors. Judging from the above discussion, the deep acceptor with E V + 0.38 eV might be a complex ͑Al Si -V C ͒ of Al Si and V C . By irradiation, N DA is increased by the displacement of one of the four C s bonded to an Al Si by the irradiation, while N DA is decreased by the displacement of one of the three C s bonded to an Al Si -V C .
B atoms in 4H-SiC were reported to form two electrical levels in the lower half of the bandgap. 33 One is located at approximately E V + 0.3 eV, as determined by Hall-effect measurements; 33 while the other is between E V + 0.55 and 0.65 eV, as determined by DLTS. 34 The shallow level is assigned to a B acceptor ͑B Si ͒ at a Si sublattice. The probable identification of the deep level is a complex ͑B Si -V C ͒ of the B Si and its nearest neighbor V C . 35, 36 In analogy with B in B-doped 4H-SiC, the deep acceptor in Al-doped 4H-SiC may be an Al Si -V C complex, which has been detected by electron paramagnetic resonance spectroscopy. 36 From theoretical calculations, 37 on the other hand, Al Si -V C was reported to be located around the middle of the bandgap in 4H-SiC, not at E V + 0.38 eV.
The 200 keV electron irradiation initially creates V C and C i in SiC matrix. Compared to V C , C i is rather mobile but can migrate and react with other defects or impurities and form more stable defect complexes. 38 When C i reacts with the Al acceptor and forms a defect complex, the Al atom does not act as the acceptor with E V + 0.2 eV and the complex might behave as the acceptor with E V + 0.38 eV. This process can be also expressed as Eq. ͑10͒. In this case, the increment in V C created by the irradiation should be greater than or equal to the decrement in the Al acceptors. Based on the discussion in Sec. III B, however, the increment in deep levels such as V C is much less than the decrement in the Al acceptors. This indicates that by 200 keV electron irradiation, C s bonded to the Al acceptor is likely displaced more easily than C s bonded to four Si s .
On the other hand, there is the possibility that almost all C i created from Al-C bonds by irradiation may form complexes such as Al-V C -C i , which is assumed to obey Eq. ͑10͒. Although we obtained the quantitative fluence dependence of N Al and the qualitative fluence dependence of N DA and found that the 200 keV electron irradiation transforms the Al acceptor into the deep acceptor, we have no evidence of the origin of the deep acceptor to date. In order to identify the deep acceptor with approximately E V + 0.38 eV in Aldoped p-type 4H-SiC, therefore, further research is required.
IV. CONCLUSIONS
In Al-doped p-type 4H-SiC epilayers, the dependence of p͑T͒ on the fluence of 200 keV electrons was measured. In the analysis of p͑T͒, the reduction in p͑T͒ by the 200 keV electron irradiation was mainly due to the decrease in Al acceptors and not due to the increase in C vacancies. Moreover, a differential equation describing the fluence dependence on the density of the Al acceptors or the deep acceptors was proposed. Although the decrease in Al acceptors and the increase in C vacancies were due to the displacement of substitutional C atoms by the 200 keV electron irradiation, the decrease in the Al acceptor density was much greater than the increase in the C vacancy density. This suggests that the displacement of C bonded to the Al acceptor occurred much more easily than that of C bonded to four Si atoms. 
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